We study anomalous couplings among neutral gauge bosons in ZZ production at LHC for √ s = 13 TeV in 4-lepton final state. We use cross section at M 4l > 1 TeV and polarization of Z boson to study the sensitivity on anomalous coupling and do a full markov-chain-monte-carlo (MCMC) analysis over parameter space to extract simultaneous limits on them for luminosities 35.9 fb −1 , 150 fb −1 , 300 fb −1 and 1000 fb −1 . The CPeven polarization asymmetry A x 2 −y 2 is sensitive mainly to the CP-odd couplings f Z/γ 4 (quadratically) providing a tools to identify CP-odd interaction at LHC. The expected simultaneous limits on couplings at 35.9 fb −1 are ∼ 1 × 10 −3 and at 1000 fb −1 they are ∼ 0.5 × 10 −3 .
where Z µν = 1/2ε µνρσ Z ρσ (ε 0123 = +1) with Z µν = ∂ µ Z ν − ∂ ν Z µ and similarly for the photon tensor F µν . Among these anomalous couplings f V 4 , h V 1 (V = Z, γ) are CP-odd in nature, while f V 5 , h V 3 are CP-even in nature. The couplings f V appears only in ZZ production process, while h V appears in Zγ * rr13rs033@iiserkol.ac.in † ritesh.singh@iiserkol.ac.in production process. The anomalous neutral triple gauge boson couplings in the frame work of Lorentz invariant form factors given in [5] along with the Lagrangian in Eq. (1) have been widely studied in the past in the literature , in e + e − collider [7, 8, 10, [18] [19] [20] [22] [23] [24] [25] [26] , eγ collider [11, 16, 17] , γγ collider [21] , hadron collider [9, 13, 15, 27, 28] and both e + e − and hadron collider [6, 12, 14] . On the experimental side, the anomalous Lagrangian in Eq. (1) have been explored at the LEP [29] [30] [31] [32] [33] , the Tevatron [34] [35] [36] and the LHC [37] [38] [39] [40] [41] [42] [43] .
The tightest 95% C.L. limits on anomalous couplings is obtained in ZZ production at LHC [43] 
obtained by varying one parameter at a time and using only cross section as observable. The tensorial structure for some of these anomalous couplings can be generated at higher order loop within the framework of a renormalizable theory. For example, a fermionic triangular diagram can generate CP-even couplings in the SM, the Minimal Supersymmetric SM (MSSM) [44, 45] and Little Higgs model [46] . On the other hand CP-odd couplings can be generated at 2 loop in the MSSM [44] . A CP-violating ZZZ vertex has been studied in 2HDM in Ref. [47] . Beside this, non-commutative extension of the SM (NCSM) [48] can also provide these anomalous coupling structure.
Here we study anomalous triple gauge boson couplings in the neutral sector in the frame work of the model independent Lagrangian in Eq. (1) using polarization observables of Z boson [23, 49, 50] in ZZ pair production at LHC. Polarization asymmetries of Z and W have been used earlier to study the anomalous couplings ZZ/Zγ production at e + e − collider [23, 24] , in W + W − production at e + e − collider [51, 52] . The polarization asymmetries have also been used to study higgs-gauge boson interaction [53, 54] , for dark matter studies [55] , for testing the top quark mass structure [56, 57] , for studies of special interactions of massive particles [58, 59] . The LHC being a symmetric collider, many polarization out of 8 polarization of Z boson cancels out, however three of them are non zero, which will be discussed in this paper. We also do not have the possibility of using beam polarization here to enhance polarization of Z boson unlike in case of an e + e − collider [24, 52] .
The leading order (LO) result of ZZ pair production cross section at LHC is way below the result measured at LHC [42, 43] . However, the existing next-to-next-to-leading order (NNLO) [60, 61] results are comparable with the measured values at CMS [43] and ATLAS [42] . We, however, obtain cross section at next-to-leading order (NLO) in the SM and in aTGC using MADGRAPH5_aMC@NLO [62] and have used the SM k-factor to match to the NNLO value. We have also included gg initiated processes in the SM. The asymmetries are estimated from the same samples. The details of these calculation are described in section III.
Rest of the paper is organised as follows. In section II we give a brief overview of the polarization observables of a Z boson. In section III we discuss LO, NLO and NNLO results for ZZ production including aTGC and various background processes. In section IV we study sensitivity of observables on couplings and obtain one parameter and simultaneous limits on the couplings. We also study a benchmark aTGC couplings and study how polarization asymmetries can help to distinguish it from SM. We conclude in section V.
II. POLARIZATION OBSERVABLES OF Z
The production density matrix of a spin-1 particle (here Z) in the spin basis normalized to 1 can be written as [49, 63] The Eq. (4) is called as polarization density matrix of a spin-1 particle. The 8 independent polarizations p x , p y , p z and T xy , T xz , T yz , T xx − T yy and T zz can be calculated from a production density matrix of the particle in any production process [24, 50] . The laboratory (Lab) frame and centre of mass frame (CM) being different at LHC the polarization calculated at CM frame will not be same as the polarization at Lab frame unlike the total cross section. The production density matrices receives a total rotation leaving the trace invariant from CM to Lab frame and hence the polarization parameters p i and T i j get transformed as [63] 
where
R Y i j is the rotational matrix w.r.t. y-direction and γ CM = 1/ 1 − β 2 CM with β CM being boost of the CM frame * .
Combining the normalized production matrix in Eq. (4) with normalized decay density matrix † of the particle to a pair of fermion f , the normalised differential cross section would be [49] 
Likewise one can construct asymmetries corresponding to each of the polarizations p i and T i j , see Ref. [23] for details. LHC being a symmetric collider, most of the polarizations of Z in ZZ pair production are either zero or close to zero except the polarization T xz , T xx − T yy and T zz . To enhance the significance further we redefine the asymmetry corresponding to T xz as (see Ref. [24] )
where c θ Z is the cosine of Z boson polar angle in the lab frame. We calculate these asymmetries from events generated in MADGRAPH5_aMC@NLO instead of calculating them from production density matrix analytically. To get the momentum direction of Z boson, one needs a reference axis (zaxis), but we can not assign a direction at LHC because it is a symmetric collider. So we consider the direction of boost of the 4l final state to be the proxy for reference z-axis. Infusion the quark is supposed to have larger momentum then the anti-quark at LHC, thus above proxy statistically stands for the direction of the quark and c θ Z is measured w.r.t the boost.
III. SIGNAL AND BACKGROUND
We are interested in studying anomalous triple gauge boson couplings in ZZ pair production at LHC. The tree level standard model contribution to this process comes from the representative diagram (a 0 ) in Fig. 1 , while tree level aTGC contribution is shown in diagram (b 0 ). Needless to say, the tree level cross section in SM is way below the measured cross section at LHC, because QCD corrections are very high in this process. In the SM, at NLO (O(α s )), virtual contribution comes from representative diagrams (a 1 -a 3 ) and real contributions from (a 4 -a 9 ) in theinitiated sub-process. The gg initiated sub-process appears at 1-loop level, diagrams (a 10 -a 12 ) , and contributes at O(α 2 s ). The LO, NLO and NNLO results from theoretical calculation [60, 61] for ZZ production cross section at √ s = 13 TeV pp collider is listed in Tab. I. The recent experimental measurement from CMS [43] and ATLAS [42] are also shown for comparison. From the table it can be seen that the cross section at NLO receives as much as ∼ 46% correction over LO and further NNLO cross section receives ∼ 16% correction over the NLO result. At NNLO thesub-process receives 10% correction [61] 
The error in the subscript and superscript on cross section are uncertainty from scale variation. The total cross section combining thesub-process at O(α 2 s ) with gg at O(α 3 s ) is given by
The aTGC has also a substantial NLO QCD correction and they come from the diagram (b 2 ) at 1 loop level and from (b 2 -b 4 ) as real radiative process. The aTGC effect is not included in the gg process where the aTGC may come from a similar with h → ZZ in Fig. 1 (a 12 ) but h replaced with a Z. As an example of NLO QCD correction of aTGC in this process, we obtain cross section at √ s = 13 TeV with all couplings f V i = 0.001 in MADGRAPH5_aMC@NLO v2.6.2 with NNPDF23. The cross section for only aTGC part, (σ aTGC − σ SM ) at LO and NLO are 71.82 fb and 99.94 fb respectively. Thus NLO result comes with substantial amount (∼ 39%) of QCD correction over LO at this given aTGC point.
The signal events consist of 4l (2e2µ/4e/4µ) final state which include ZZ, Zγ and γ γ . The signal events are generated in MADGRAPH5_aMC@NLO v2.6.2 with NNPDF23 in SM as well as in SM including aTGC as pp → VV → 2e2µ (V = Z/γ ) at NLO in QCD in qq, qg as well as in 1-loop gg initiated process with the following basic cuts (in accordance with ref. [43] ),
• p l T > 10 GeV, , hardest p l T > 20 GeV, and second hard-
Representative Feynman diagrams for ZZ pair production at LHC in the SM (qq and gg initiated) as well as in aTGC (qq initiated) at tree level together with NLO in QCD est p l T > 12 GeV,
• |η e | < 2.5, |η µ | < 2.4,
To select the ZZ final state from the above generated signal we further put constraint on invariant mass of same flavoured oppositely charged leptons pair with
The 2e2µ cross section upto a factor of two is used as the proxy for the 4l cross section for the ease of event generation and related handling.
The background event consisting ttZ and WW Z with leptonic decay are generated at LO in MADGRAPH5_aMC@NLO v2.6.2 with NNPDF23 with same sets of cuts as applied to signal and their cross section is matched to NLO in QCD with a k-factor 1.4. This k-factor estimation was done at the production level in MADGRAPH5_aMC@NLO v2.6.2. We have estimated the total cross section of the signal in SM to be
The background cross section at NLO is estimated to be
Various parameter's value used in MADGRAPH5_aMC@NLO for the generation of signal and background are
• M Z = 9.11876 GeV, M H = 125.0 GeV,
The renormalization and factorization scale is set to ∑ M T i /2, M T i are the transverse mass of all final state particles and partons.
In our analysis the total cross section of SM including the aTGC is taken as ‡
the SM is taken at NNLO in QCD (as it is known ), where as the aTGC contribution along with its interference with SM are taken at NLO in QCD (as the NNLO contribution is not known with aTGC). We will use polarization asymmetries as described in the previous section in our analysis. Assuming the NNLO effect cancels away because of the ratio of two cross section, we will use the asymmetries as
We use total cross section at mixed 2 order and asymmetries at mixed 1 order to put constrain on the anomalous couplings.
A. Effect of aTGC in distributions
The effect of aTGC on observables varies with energy scale. To show the effect and determine the signal region we study the effect of aTGC on various observable distribution. In Fig. 2 we show four lepton invariant mass (M 4l ) or centre of mass energy ( √ŝ ) distribution (left panel) and ∆R distribution of µ + µ − pair (right panel) at √ s = 13 TeV for SM along with background ttZ +WW Z and some benchmark aTGC points for events normalized to luminosity 300 fb −1 using MADANALYSIS5 [67] . The gg contribution is at its LO (O(α 2 s )), while all other contributions are shown at NLO (O(α s )). The→ ZZ, Zγ contribution is shown in green band, gg → ZZ, Zγ is in blue band and the background ttZ + WW Z contribution is shown in grey band. The aTGC contribution for various choices are shown in dashed/cyan
For the M 4l distribution in left, all events above 1 TeV are added in the last bin. We can see that all the aTGC benchmark i.e., f V i = 0.002 are not visibly different than SMcontribution upto √ŝ = 0.8 TeV and there are significant excess of events in the last bin, i.e., above √ŝ = 1 TeV. This is due to momentum dependence [23] of the interaction vertex that leads to increasing contribution at higher momentum transfer. In the distribution of ∆R(µ + , µ − ) in right we can see the effect of aTGC are higher for lower ∆R (below 0.5). In the ZZ process for larger √ŝ the Z boson are highly boosted and their decay products are collimated leading to a smaller ∆R separation between the decay leptons. To see this kinematic effect we plot events in M 4l -∆R plane in Fig. 3 . In this figure we choose minimum ∆R between e pair and µ pair event by event. We note that additional events coming from aTGC contributions have higher M 4l and lower ∆R between leptons. For ∆R < 0.2 most of the events contribute to the M 4l > 1 TeV bin and they are dominantly coming from aTGC. Thus we can choose M 4l > 1 TeV to be the signal region.
IV. SENSITIVITY AND LIMITS ON ANOMALOUS COUPLINGS
The signal region for the cross section σ is chosen to be M 4l > 1 TeV as we have discussed in the previous section. In case of asymmetries we choose the signal region as M 4l > 0.3 TeV for A xz and M 4l > 0.7 TeV for A x 2 −y 2 and A zz as the effect of aTGC is found to be best in these region corresponding to these asymmetries. The expression for the cross section and the polarization asymmetries are obtained by numerical fitting the data generated by MADGRAPH5_aMC@NLO. The events are generated for different set values of the couplings
) and then various cross sections, i.e., total cross section and numerator of the asymmetries, O, are fitted as
in general, where O 0 is the values of corresponding cross sections in the SM. We use only CP-even observables, i.e., total 4l cross section σ , asymmetries A xz , A x 2 −y 2 and A zz and hence the functional form of cross section and the numerator of the asymmetries can be simplified to
as the f V 4 are CP-odd, while f V 5 are CP-even couplings. In accordance with the set up in Eq. (14), (15) tions (A4), (A5), (A6)) are all in order mixed 1 . The asymmetries will be given as,
We use these set of observables to obtain limit on the anomalous couplings keeping terms upto quadratic in couplings. A note on keeping terms upto quadratic in couplings, and terminating at linear order, is addressed in Appendix B.
A. Sensitivity of observables on couplings
We studied the sensitivity of observables, i.e., cross section for M 4l > 1 TeV and the polarization asymmetries on anomalous couplings to see the nature of the observables in differentiating the couplings. The sensitivity of an observables O i ( f j ) is defined as
where δ O i is the estimated error of the observables O i . For cross section and asymmetries the errors are
where L is the luminosity and ε σ and ε A are the systematic uncertainty for cross section and asymmetries, respectively. Taking ε σ = 2% and ε A = 1% as a benchmark we show the sensitivity of all the observables on the couplings in Fig. 4 for L = 300 fb −1 . In the Figure A noticeable thing is that the sensitivity of A x 2 −y 2 are flat and negligible for CP-even couplings f V 5 , while they significantly vary for CP-odd couplings f V 4 . Thus the asymmetry A x 2 −y 2 , although a CP-even observables, can help us to detect CP-odd interaction in the ZZ production at LHC. 
B. Limits on couplings from MCMC
The observables consisting cross section and asymmetries given in the appendix A in the signal region are used to obtained limits on anomalous couplings. The one parameter limits are obtained by varying one parameter at a time and keeping all other set to zero. The one parameter limits on all anomalous couplings at 95% C.L. with ε σ = 2% and ε A = 1% for four bench mark luminosities L = 35.9 fb −1 , 150 fb −1 , 300 fb −1 and 1000 fb −1 are shown in Tab. II. The one parameter limit at L = 35.9 fb −1 in the first column of Tab. II can be compared with the tightest limit available at LHC by CMS [60] given in Eq. (2). The inclusion of asymmetries to the set of observables does not give much of improvement to the one parameter limit on the anomalous couplings. A benchmark aTGC couplings may give different signature in the asymmetries apart from the excess events, which will be discussed later. A likelihood based analysis with MCMC is done to extract simultaneous limits on all the anomalous couplings for the four benchmark luminosity chosen. We did the analysis with just the cross section σ and cross section along with the polarization asymmetries to see the effect of using the asymmetries. The comparison between σ vs. (σ +pol.) is shown in Fig. 5 with 95% C.L. contours in f γ 5 -f Z 5 plane for the four benchmark luminosities. The outer most contours are for L = 35.9 fb −1 and the inner most contours are for L = 1000 fb −1 . For every luminosity the dashed/red lines are for σ and solid/black lines are for σ with polarization asymmetries. It can be seen that in the two dimensional projection of simultaneous limits using polarization asymmetries along with cross section does not improve the limits. In Fig. 6 we show two dimensional marginalised contours at 95% C.L. in all possible plane for four benchmark luminosities using cross section with polarization asymmetries, i.e, using (σ + pol.). The corresponding simultaneous limits on the aTGC couplings for four benchmark luminosities are shown in Tab. III. The simultaneous limits are usually less tighter than one dimensional limits, but comparing limits presented in Tab. III with Tab. II we can see that the situation is different here. The reason for this is follows. The cross section, the dominant observable, has very little linear dependence, while large quadratic dependence on the couplings (see Eq. (A1)). As a result, in the multiparameter analysis while calculating limit of one parameter, slight deviation of any other parameter from zero (SM point) tightens the limit on the former coupling.
C. Effect of polarization asymmetries in parameter extraction
We have seen in the previous sections that the inclusion of polarization asymmetries with cross section has no significant effect in putting limits on the anomalous couplings. The asymmetries may still be useful in extracting parameter if excess events were found at LHC. To explore this we do a toy analysis by simulating the data for all aTGC couplings f V i = 0.0002 (well above current limit) and use MCMC method to extract back these parameters. In Fig. 7 we show two dimensional marginalized contours for four benchmark luminosities for the benchmark aTGC couplings point f V i = 0.002 in f As the luminosity increases, from left column to right, the contours for (σ + pol.) shrink around the star ( ) mark maintaining the shape of a ring. This is because the observables are quadratically dependant on the couplings. We not the polarization asymmetries improved the parameter extraction in the marginalized case discussed here.
The Fig. 7 shows the exclusion of SM hypothesis in a given marginalized direction of full parameter space. To see the exclusion in the full four dimensional parameter space we vary coupling parameters as (21) with t ∈ [0, 1] such that at t = 0 the couplings are at f V i = 0.0 ( SM) and at t = 1 the couplings are at benchmark aTGC point f V i = 0.002 and calculate a global χ 2 . In Fig. 8 we show χ 2 generated with the data corresponding to benchmark aTGC couplings as a function of t for the four benchmark luminosities. In the plot the solid/blue line correspond to σ and the dashed/green line corresponds to the set (σ + pol.). Higher the luminosity, higher the curves (χ 2 ) at t = 0 and larger is the separation between the lines corresponding to σ and (σ + pol.). Hence with increasing luminosity importance of polarization observables increases for parameter extraction.
V. CONCLUSION AND DISCUSSION
In conclusion we studied anomalous triple gauge boson couplings in the neutral sector in ZZ pair production at LHC with polarization observables of Z boson together with the total 4l cross section with higher order QCD correction. We generated events for ZZ/Zγ → 4l signal foras well as gg (1-loop) initiated process and background in MADGRAPH5_aMC@NLO at NLO in QCD and matched to their next order for SM signal with appropriate available kfactor [61, 66] . The aTGC contribution in cross section is kept at NLO. The asymmetries are used at order mixed 1 only. We studied the effect of aTGC in the M 4l and ∆R distribution between leptons and found that aTGC contributes more for higher M 4l and lower ∆R region between leptons. We kept the signal region for cross section to be M 4l > 1 TeV, while for asymmetries we kept M 4l > 0.3 TeV for A xz and M 4l > 0.7 TeV for other two asymmetries. We studied the sensitivity of all the observables on the couplings and found that though cross section is dominant the asymmetry A x 2 −y 2 can distinguish CP-odd couplings f V 4 from CP-even couplings f V 5 . We use all the observables and find one parameter limits as well as simultaneous limits on all couplings for luminosities 35.9 fb −1 , 150 fb −1 , 300 fb −1 and 1000 fb −1 . The simultaneous limits on couplings are slightly tighter than their one parameter limits because of the large quadratic and small linear dependence of the observables on the couplings. The inclusion of polarization asymmetries does not improve the limits on the couplings obtained by cross section only. However, asymmetries are instrumental in extracting the parameters should a deviation from the SM is observed at LHC. To established this we did a toy analysis of parameter extraction with a benchmark aTGC coupling point with f V i = 0.002 and found that polarization with cross section can exclude the SM from the aTGC point better than the cross section can do alone, both in four dimensional and in marginalised two dimensional parameter space. In this work the aTGC is taken at NLO and SM is taken at order mixed 2 . If aTGC contributions were available at NNLO, the limits on the couplings would improve. 
